The syn-CH 3 CHOO Criegee intermediate formed from the ozonolysis of propene and (E)-2-butene was detected via unimolecular decomposition and subsequent detection of OH radicals by a LIF-FAGE instrument. An observed time dependent OH concentration profile was analysed using a detailed model focusing on the speciated chemistry of Criegee intermediates based on the recent literature. The absolute OH concentration was found to depend on the steady state concentration of syn-CH 3 CHOO at the injection point while the time dependence of the OH concentration profile was influenced by the sum of the rates of unimolecular decomposition of syn-CH 3 CHOO and wall loss. By varying the most relevant parameters influencing the SCI chemistry in the model and based on the temporal OH concentration profile, the unimolecular decomposition rate k (293 K) of syn-CH 3 CHOO was shown to lie within the range 3-30 s À1 , where a value of 20 AE 10 s À1 yields the best agreement with the CI chemistry literature.
Introduction
Criegee intermediates (CI, carbonyl oxides) are key intermediates in the atmospheric ozonolysis of unsaturated compounds. This class of reactions has been studied for many years 1 because of its importance in the oxidation of volatile organic compounds (VOC) in the boundary layer, and plays a key role in the formation of free radicals and secondary organic aerosol. 2 Ozonolysis of alkenes in the gas phase proceeds via the Criegee mechanism 3,4 depicted in Fig. 1 . The addition of ozone across the double bond forms a primary ozonide (POZ) which quickly decomposes forming a Criegee intermediate (CI) and a carbonyl compound. The fate of the Criegee intermediate depends on its nascent energy content, which we broadly divide in two populations: [4] [5] [6] thermally stabilized and chemically activated. The chemically activated Criegee intermediate has a high energy content and therefore a comparatively short lifetime. Typically, it will decompose through the vinyl hydroperoxide (VHP) or ester channels discussed below, though depending on the reaction rates at the given energy and the rate of energy loss in collisions with the bath gas, it can form a stabilised Criegee intermediate (SCI). For example, chemically activated CH 2 OO will mostly decompose, as the internal energy is distributed across only a few degrees of freedom, leading to very fast unimolecular reactions, while larger CI such as those obtained from terpenoid ozonolysis will mostly stabilise at 1 atm. The SCI has a longer lifetime owing to its lower thermal energy content: in the atmosphere its fate depends on the competition between unimolecular decomposition and reaction with atmospheric trace gases. The two main unimolecular decomposition channels accessible to both chemically activated and stabilised CI are the ester and the VHP channel, whose contributions depends on the substituents on the carbonyl carbon atom and their orientation relative to the outer CI oxygen atom 7 (Fig. 1 ). CI can isomerise by ring closure, forming a dioxirane that in turn re-isomerizes to an ester or an acid; for small alkenes these latter compounds will receive enough internal energy to immediately decompose forming CO 2 , OH, CO, HO 2 , H 2 O and alkyl fragments. If the outer oxygen is pointing towards a suitable H-atom such as in an alkyl group (syn-CI) a faster 1,4-H-shift is accessible, yielding a vinyl hydroperoxide which promptly decomposes forming OH and a vinoxy radical. 2, 5, 8, 9 This path is a major non-photolytic source of OH radicals in the atmosphere [10] [11] [12] and appears to be especially important during winter, at night and indoors. 13 CI with more complex substituents are subject to additional unimolecular rearrangements. 7 For the CI discussed in this paper, syn-CI yield OH radicals through the VHP channel, while anti-CI and CH 2 OO rearrange through the ester channel.
Historically 2 it was assumed that the fate of SCI formed in the atmosphere would mainly be reaction with water or unimolecular decomposition. 14 Several laboratory studies during the last two years [15] [16] [17] [18] [19] [20] [21] [22] report measured rate coefficients for the reaction between SCI and several atmospheric trace gases such as SO 2 , NO, NO 2 , H 2 O, acetone, acetaldehyde and organic acids. For some coreactants, these studies have reported larger rate coefficients than expected. 23 Likewise, CI photolysis reactions were shown to occur 24, 25 on a time scale similar to measured CI decomposition. 26, 27 Theoretical work 7, [28] [29] [30] [31] suggested the possible importance of reactions between SCI and ozone, RO 2 , alcohols, OH, HO 2 , and self reaction. The use of these updated rate coefficients in simple model analysis 13, 20, [32] [33] [34] [35] [36] [37] reveals how, depending on the environment, the loss of some of the SCIs analysed is not only caused by reaction with water, but includes a number of other trace gases, indicating that SCIs might impact oxidation processes in the atmosphere. As highlighted by Taatjes et al. 13 SCI have not yet been directly observed in the atmosphere. Still, SCI have been invoked to explain additional oxidation of SO 2 in the boreal forest, 38 and as the cause of internally generated OH within a LIF (laser induced fluorescence) FAGE (fluorescence assay by gas expansion) instrument 39 measuring in a forest. During ambient measurements using a LIF-FAGE system we also detected a sizable background signal in a number of environments, 40 which may owe its presence to the detection of ozonolysis products.
In this paper, we demonstrate the direct formation of OH radicals from SCI decomposition within a LIF-FAGE instrument, presenting results from the reaction of ozone with propene, (E)-2-butene and ethene as SCI sources. The timedependent OH profiles are analyzed using a detailed chemical model including updated chemistry of CI, yielding an upper and lower limit for the syn-SCI decomposition rate. The relevance for atmospheric chemistry and for OH measurements based on LIF-FAGE instruments is discussed.
Methodology a. Laboratory instrumentation
The ozonolysis experiments (Fig. 2) were carried out in a quartz flow tube (inner diameter 4.5 cm; length 50 cm) at ambient pressure (980 hPa) and temperature (293 K) using nitrogen (Westfalen, 99.999%) with 5% of oxygen (Westfalen, 99.999%) as a bath gas. The flow tube is directly connected to the inlet of the LIF-FAGE instrument used to measure the concentration of OH during the experiments. A blower was connected to the base of the flow tube after the sampling position of the LIF-FAGE instrument in order to assure sampling from the center and reduce wall effects. The resulting gas flow of nitrogen in the flow tube was 15 000 sccm. By titrating OH with methane at the flow conditions described above, the residence time in the flow tube at ambient pressure (Dt ambP ) was measured to be 2.5 s. Ozone was produced outside the tube by passing pure oxygen in front of a mercury UV lamp (Hg(Ar) Pen Ray lamp) and was injected together with nitrogen to improve the mixing in the center of the flow tube. The initial ozone concentration in the flow tube was monitored using an ultraviolet photometric ozone analyser (Thermo Environmental Instruments: 49C) by measuring the attenuation of light in the absorption cell at a wavelength of 254 nm.
The alkenes tested were ethene (Air Liquide, 99.99+%), propene (pure, Aldrich 295663, 99+% and Air Liquide 10% in nitrogen) and (E)-2-butene (Sigma-Aldrich, 295086, 99+%). The alkenes were added via a MFC and injected in a stream flow of nitrogen to enhance the mixing and then injected at the top of the tube. Additionally, propane (Westfalen 3.5, 99.95% purity) was used to scavenge the OH radicals formed at ambient pressure in the flow tube and was added directly in the stream flow of nitrogen. A mixture of SO 2 in synthetic air (Air Liquide, 2%) was used as a SCI scavenger during some experiments as well as acetic acid (AppliChem, 96%) and water vapor. The flow of SO 2 was controlled with an MFC and injected at the top of the flow tube, while acetic acid vapour was added to the flow tube by passing a small flow of nitrogen through a bubbler filled with bulk acetic acid. Water vapor was produced by passing nitrogen through a bubbler filled with deionized water and the concentration of water vapor in the flow tube was measure with a high-precision chilled mirror dew point hygrometer (Michell Instruments, model S4000).
The OH concentration was measured with HORUS (Hydroxyl Radical Measurement Unit based on fluorescence Spectroscopy), the LIF-FAGE instrument in use at the Max Planck Institute for Chemistry in Mainz described in detail elsewhere. 40, 41 Only a brief description highlighting the features particularly relevant for the current experiments is given. The inlet sampled the reaction mixture with a 1 mm nozzle pinhole from the centre of the flow tube. The OH radical was detected in the low-pressure segment of the instrument (B3.50 hPa) by measuring the fluorescence signal after excitation with a UV pulsed light at around 308 nm. The temperature in the lowpressure segment of the instrument was measured with a thermistor positioned in the center of the air flow and, at a distance of 13 cm from the pinhole and beyond, is equal to ambient temperature, B293 K. Shorter distances could not be examined due to practical limitations. The pressure in the detection axis was sufficiently low to prevent most of the bimolecular reactions (see below). In order to avoid formation of OH radical in the detection cell of the instrument via reactions initiated by the laser beam, such as photolysis of ozone, and formation of OH radicals after reaction of O( 1 D) with water molecules, the repetition rate of the Nd:YAG laser was 1500 Hz. With this repetition rate, the residence time of the air sample in the detection cell was five times shorter than the time period between two laser pulses.
By using different inlet lengths it was possible to measure the concentration of OH after different ''residence'' times inside the low pressure segment of the instrument (Dt lowP ), between the sampling point and the laser beam. To characterize the residence time, a Nd:YAG laser (Quantel Brilliant) at 266 nm and with a 6 ns laser pulse was used to produce OH directly in front of the inlet nozzle by photolysis of ozone and the subsequent reaction of O( 1 D) with water. The residence time of the OH produced was measured using a Turbo-MCS (multichannel scaler, EG&G ORTEC's) and by starting the scan at the pulse of the Brilliant laser. An OH concentration profile in time was obtained and the maximum occurrence of OH concentration was adopted as the residence time. The test was repeated for all inlet lengths used during the experiments and results are shown in Fig. S1 (ESI †).
b. Characterization of wall losses
In order to improve the understanding about the origin of the OH signal in the LIF-FAGE instrument and to better characterize the evolution of the hydroxyl radicals (HO x ) in the low-pressure region of the instrument, tests to determine the losses of OH and hydroperoxyl radical (HO 2 ) inside the instrument have been performed. The HO x radicals have been produced before the inlet by passing humidified air in front of a mercury lamp with a known actinic flux and in the setup used to calibrate the instrument for field measurement, as described elsewhere. 41 OH was detected as described in the previous section while HO 2 was detected as OH after reaction with nitric oxide (NO) injected immediately before the detection cell. 42 Wall losses of radicals as a function of residence time were determined by varying the injection position at a constant radical concentration and the results are shown in Fig. S2 and S3 (ESI †) for OH and HO 2 respectively. By using a chi-square fit an effective ''unimolecular'' loss rate on walls of 55 s À1 for OH and 26 s À1 for HO 2 was extrapolated.
c. Box model
The results obtained from the different experiments were compared against the results of a box model based on the Master Chemical Mechanism (MCM) version 3.2, 43,44 available at http://mcm.leeds.ac.uk/MCM, and the simulations were integrated using FACSIMILE. 45 To simulate our experiments, ethene, propene and (E)-2-butene MCM schemes were modified and extended to fully describe production and destruction of speciated stabilized and excited CI formed in the ozonolysis. The full mechanism for the alkenes studied is presented in the ESI. † The main extensions concerning the CI formation are the inclusion of direct formation of thermal SCI, and explicit speciation of different CI conformers (syn and anti) which effectively act as different species owing to the high barrier (over 20 kcal mol À1 ) for syn-anti isomerisation. 7, 46 The yields of formation of OH and SCIs were guided by the values used in the MCM scheme (Table 1) . As there is quite a large uncertainty between different studies on the SCI yields we allowed the value to change between 0.35 47 and 0.5 48 for ethene, 0.16 49 and 0.35 48 for propene and 0.15 49 and 0.4 26 for (E)-2-butene in the sensitivity studies on model parameters ( Table 1 ). Yields of formation of syn relative to anti SCI were based on theoretical 50,51 and experimental 52 studies when available ( Table 1) . Given the high uncertainty we varied these yields in the sensitivity study by a factor of 4 to estimate their impact on the model results. Another important difference with the MCM is the inclusion of a larger number of bimolecular reactions involving SCI based on recent experiments 16, 17, 19, 21, 26 and theoretical studies 28, 31, 33 (Table 2 ). In Table 2 the values of the CI-specific rate coefficients with H 2 O and (H 2 O) 2 , the relative rate predictions by Anglada et al. 53 and Ryzhkov and Ariya, 54 were scaled to match the absolute value for anti-CH 3 CHOO + H 2 O as measured by Taatjes et al. 16 The unimolecular decomposition rate coefficient of SCI is highly uncertain, with literature data 16, 26, 48, 55 spanning well over an order of magnitude; we estimate this rate parameter from the comparison of model and experiment together with wall losses of SCI, which could not be experimentally determined; these two parameters are strongly coupled in our analysis (see below). Wall-losses of OH (55 s À1 ) and HO 2 (26 s À1 ) in the low-pressure segment of the instrument as determined earlier were also included in the model. The concentrations of alcohols, aldehydes, ketones, organic acids and peroxides formed during the ozonolysis were summed to allow for their reactions with SCI. The initial conditions for each of the experiments, as shown in Table 3 , were used for the initialization of the corresponding box models. The box model runs are not used to obtain optimal fits of kinetic parameters to the observations; rather, we adhere as much as possible to the available literature data, and analyze the experimental data against this model, within the respective margins of the uncertainty, to elucidate the underlying chemistry and to obtain uncertainty intervals for the rate of unimolecular decomposition.
Results

a. Comparison of model and experiment
The qualitative comparison of the kinetic box model results against the experimental data is based on the absolute OH concentration and its time dependence. As shown below for each of the reaction systems, the OH concentration time profile in the low pressure flow tube is determined primarily by (pseudo) first order reaction kinetics, i.e., wall losses and unimolecular decay of SCI and OH radicals. Hence, the absolute height of the OH profile predicted by the model is determined mainly by the SCI steady state concentration [SCI] SS at the sample point. Many kinetic parameters in the model that determine this steady state concentration carry a comparatively large uncertainty: rate coefficients for SCI unimolecular and bimolecular reactions, the yield of SCI and its speciation into syn-and anti-SCI in the ozonolysis reaction, etc. The uncertainties of each of these parameters only affect the model to experiment intercomparison to the extent to which they affect [SCI] SS , and hence can be lumped into an uncertainty factor governing this [SCI] SS . In this work, we allow for the steady state concentration to be adjusted by a small factor to fit the absolute profile heights.
The time profile of the OH signal shows a steep rise of the OH concentration by SCI decomposition until steady state is reached with OH loss processes, followed by a slower decay of the steady-state OH signal by depletion of the SCI. This time dependence is determined mostly by the ratio of total SCI loss a As used in the MCM mechanism. b Range of values examined for the SCI yield, and for the ratios of the different SCI during the sensitivity study of the model (see main text). c The yields are showed as a fraction of the total SCI yield. to OH loss rates, where the OH wall loss has been measured directly, and the bimolecular reactions of OH operate under pseudo first order conditions and have well known rate coefficients. This indicates that the uncertainty of the time dependence in our model is sensitive mostly to the sum k uni (SCI -OH) + k wall (SCI) of unimolecular SCI decomposition to OH and wall losses, respectively. The contribution of each parameter in this sum affects the absolute OH signal, but this cannot be distinguished from uncertainties of [SCI] SS at the sample point; this makes it infeasible to derive an accurate unimolecular rate coefficient for OH formation from syn-SCI from our present set of data.
A quantitative uncertainty analysis is given below.
b. Propene The main loss paths are unimolecular decomposition and reaction with ozone, whereas reaction with organic peroxy radicals (RO 2 ), alcohols, aldehydes and organic peroxides become more important at later reaction times. As the rate coefficients for these reactions are uncertain, a number of different scenarios will be discussed in detail later. In the low pressure region inside the inlet (Fig. S6b , ESI †) the ozonolysis reaction is effectively stopped, such that there is no additional formation of SCIs. Their losses are governed by the unimolecular decomposition and wall losses. Unimolecular decomposition of syn-CH 3 CHOO is the dominant source, 495%, of the OH radicals observed, while OH loss is determined by residual scavenging by propene and propane, and by wall loss (Fig. S5b, ESI †) . The degree of OH scavenging was varied in a series of experiments with lower propene concentrations and with different addition of propane ( Fig. S7 , ESI †). By using lower concentrations of propene, the OH concentration profile shows a less steep decrease slope as implied by the reduced removal of OH. The box model again reproduces these data, indicating that OH loss is simulated realistically. Table S1 (ESI †) lists the predicted concentrations of SCIs at the sampling point together with the peak concentration of OH observed for the different experiments.
c. (E)-2-Butene Fig. 4 shows the evolution of the average OH radical concentration measured with our LIF-FAGE instrument during several experiments of ozonolysis of (E)-2-butene (red bullet) compared with a model simulation (black line). The agreement between the experimental data and the model simulation is good for different amounts of propane ( Fig. S8 , ESI †) and (E)-2-butene ( Fig. S9 , ESI †). The reactions impacting the steady state concentration of OH radicals at ambient and low pressure are analogous to the propene experiment, as well as the profile of the syn-CH 3 CHOO at low pressure. Likewise, the factors influencing the steady state concentration of the SCI in the ambient pressure region are similar ( Fig. S10 , ESI †) with unimolecular decomposition and reaction with O 3 and RO 2 being the main loss processes for syn-CH 3 CHOO at the beginning of the flow tube, and with the relative importance of reactions with aldehydes, alcohols and peroxides increasing when approaching the sample point. Similar to the propene experiment the relative importance and contribution of the coreactants towards the total losses of syn-CH 3 CHOO depends on its unimolecular decomposition rate, and different scenarios will be discussed later. Table S2 (ESI †) lists the predicted concentrations of SCIs at the sampling point together with the peak concentration of OH observed for the different experiments.
d. Ethene
The ozonolysis reaction of ethene does not form SCI that are expected to decompose thermally to OH, and hence this reaction serves as a blank experiment quantifying the formation of OH from the basic alkene ozonolysis reaction intermediates and from the CH 2 OO SCI also formed in propene ozonolysis. Fig. S11 (ESI †) shows that the OH concentration quickly grows to 6.5 Â 10 6 molecules cm À3 , observed after B1 ms, and then decreases quickly. These concentrations are a factor of 20-100 below those observed for propene and (E)-2-butene, indicating that this OH contribution is negligible in the latter experiments. By increasing the amount of propane injected in the flow tube ( Fig. S12 , ESI †) we observe a decrease in the measured OH concentration, showing clearly that some residual OH scavenging occurs in the low pressure region of the LIF-FAGE, affecting the OH time profile.
e. Experiments with SCI scavengers
In some experiments water vapor, SO 2 and acetic acid were used to scavenge the SCIs: water vapor reacts with different Criegee intermediate conformers at different rates spanning from 1 Â 10 À14 cm À3 molecules À1 s À1 for the reaction with anti-CH 3 CHOO 16 to less than 4 Â 10 À15 cm À3 molecules À1 s À1 and 9 Â 10 À17 cm À3 molecules À1 s À1 for reaction with syn-CH 3 CHOO 16 and CH 2 OO, 19 respectively. SO 2 and acetic acid both react very fast with SCI, 16, 22 B4 Â 10 À12 cm À3 molecules À1 s À1 and B2.5 Â 10 À10 cm À3 molecules À1 s À1 , respectively, and do not show a large difference in rate between different SCI conformers. These experiments were completed with the inlet length normally used during measurements of OH radicals in the atmosphere (14 cm inlet, 2.4 ms residence time). Fig. S13 (ESI †) shows the decay of the OH signal observed during ozonolysis of propene with addition of water vapor between 0 and 2.3 Â 10 17 molecules cm 3 . With the addition of similar concentrations of water vapor no change in the OH signal was detected during the ozonolysis of ethene. Fig. S14 (ESI †) shows the disappearance of the OH peaks over the background spectrum with the addition of SO 2 during ozonolysis of propene. Precise determination of the OH concentration was not possible due to the spectral interference of SO 2 at the wavelength of detection of OH (308 nm). Fig. S15 (ESI †) shows the decay of OH radical during ozonolysis of (E)-2-butene during the addition of acetic acid. Fig. 3 and 4 show the OH signal during ozonolysis of different alkenes, and how the OH concentration depends strongly on the residence time within the LIF-FAGE instrument: in all experiments OH increase steeply to a maximum value followed by a more gradual decrease. This OH formation process has recently been suggested 39, 40 as a source of interference in the measurement of ambient OH concentrations using LIF-FAGE instruments. The signal was proposed to originate from SCI decomposition, which would imply that Criegee intermediates are present in the troposphere in sufficiently high concentrations to affect the chemistry. Here, we present the first experimental evidence showing that the source of the OH is indeed unimolecular decomposition of syn-CH 3 CHOO, followed by our analysis of the reaction kinetics involving SCI chemistry.
Discussion
a. SCI as the OH source
Firstly, we can rule out that the observed OH is sampled from the high pressure flow tube, as OH is scavenged by the alkene and the added propane OH scavenger; residual OH would also not increase initially, but start at a maximum value and decrease monotonically. Secondly, the source of OH cannot be a bimolecular reaction. The pressure in the low pressure section of the instrument during the experiment was B3.5 hPa, diluting the concentrations of all species by a factor of 300, therefore most bimolecular reactions would decline or be fully prohibited. Especially for the ozonolysis of the alkenes studied, a well-known source of OH, the reaction is too slow to be relevant at such pressure producing less than 5% of the total OH observed inside the instrument. For the reactants with highest concentrations, i.e., alkenes and propane, we observe some residual scavenging in the low pressure region, which is due to their high rate of reaction with OH. Any other molecule, apart from the initial reagents, can only be present in a concentration that is several orders of magnitude lower and therefore cannot be significant in the low pressure segment of the instrument. The OH within the instrument thus originates from the unimolecular decomposition of a transient species formed in the ozonolysis of the alkene. Theoretical 7,11 and experimental 4,6,9 studies strongly suggest that syn-CH 3 CHOO is the source of OH by 1,4-H-migration, forming vinyl hydroperoxide that quickly decomposes to vinoxy radicals + OH. However, we cannot a priori preclude the possibility of other compounds decomposing to OH. These pathways include hot acid decomposition from dioxirane formed in the ester channel of all CIs, and thermal decomposition of stabilized ROOH hydroperoxide (including VHP). In order to confirm the role of syn-CH 3 CHOO in the formation of OH in the instrument, we performed several experiments with SO 2 , water vapor, and acetic acid, known SCI scavengers. SO 2 was shown experimentally to react very fast with all CI, 16 but unfortunately it causes a high spectral interference in the OH measurements. By recording fluorescence spectra during the ozonolysis of propene before and after the addition of different concentrations of SO 2 (Fig. S14 , ESI †) it is possible to observe how even a small concentration of SO 2 strongly influences the OH spectrum and removes the OH peaks superimposed on the background, for all concentrations of SO 2 used. The concentration of SO 2 added in the flow tube was small enough to avoid OH scavenging by SO 2 , i.e., the OH radical lifetime was a factor of 50 smaller towards reaction with SO 2 compared to propene, indicating that the disappearance of the OH signal is not due to removal of OH radical by SO 2 . While these experiments strongly point towards SCI scavenging, the spectral interference makes the results harder to interpret quantitatively, e.g., it is not possible to reliably derive a relative rate coefficient for SCI + SO 2 (see ESI †). SO 2 is not expected to react at an appreciable rate with ROOH molecules or any traditional intermediates formed in the ozonolysis of alkenes, leaving SCI, or products derived directly from SCI chemistry as OH sources. Similar experiments with added acetic acid (Fig. S15 , ESI †) also show a fast decrease in generated OH, but difficulties in quantifying the added concentrations of acetic acid prohibits the rate analysis of SCI scavenging. As with SO 2 , we propose that acetic acid does not readily react with any intermediates other than SCI, again pointing to SCI as the likely source of OH. The decay of the OH concentration with the addition of water vapor during the ozonolysis of propene (Fig. S13 , ESI †) likewise is consistent with SCI scavenging with a rate coefficient of SCI loss towards H 2 O of B3 Â 10 À17 cm 3 molecules À1 s À1 , in agreement with the upper limit of 4 Â 10 À15 cm 3 molecules À1 s À1 measured by Taatjes et al. 16 and in fair agreement with the (scaled) theoretical predictions listed in Table 2 . A more detailed discussion is available in the ESI. † The rate coefficient between H 2 O and anti-CH 3 CHOO has been measured 16 at 1 Â 10 À14 cm 3 molecules À1 s À1 , which is too fast to explain the water-dependent signal decrease observed during our experiment. Hence, the OH we observe does not originate from anti-CH 3 CHOO, and hence also not from dioxiranes or hot acid decomposition formed in the SCI ester channel. This is also in agreement with the very small yields of OH formation observed in ozonolysis reaction of ethene, a source of CH 2 OO. Most of the literature data 7 point to VHP as a very short-lived species that promptly decomposes to vinoxy radical + OH upon formation from the higher energy syn-SCI prior to collisional thermalization. Drozd et al. 56 observed secondary OH formation in chamber experiments on a time scale of 0.5 s, which was attributed to some VHP stabilization aided by the existence of a (small) energy barrier in the VHP decomposition channel. However, given our residence time of the order of milliseconds, we would not be sensitive to OH formation on this timescale. We thus conclude that the LIF-FAGE instrument is sensitive only to syn-CH 3 CHOO, and generally SCI that decompose thermally to OH via the VHP channel.
b. Box model results
The time dependence of the OH concentration in the low pressure section of the instrument is largely determined by the ratio of total SCI loss to OH loss rates; the OH loss rates are known given that the OH wall loss was measured directly, and the bimolecular reactions of OH occur under pseudo first order conditions and have well known rate coefficients. As shown in Fig. 5 and 6 , by changing the total loss of syn-CH 3 CHOO in the model simulation a change in the shape of the time dependence OH concentration was obtained. Within the error bounds of our experimental results we obtain a total SCI loss rate of 23 AE 7 s À1 . Using literature data for the bimolecular reaction rates in the high pressure section, the model also reproduces the absolute OH concentrations within a factor 1.8 (propene) and 1.7 ((E)-2-butene), indicating that the model is remarkably accurate relative to the a priori uncertainties on the steady state SCI concentration at the sample point. Given that the total loss is the sum of the unimolecular decomposition rate and wall losses, the highest total SCI loss of 30 s À1 thus translates into an upper limit for the unimolecular decomposition rate of syn-CH 3 CHOO of 30 s À1 ; faster unimolecular rates would lead to disagreement of the time-dependent OH concentration profile between experimental data and model ( Fig. 5 and 6) . The available experimental data on the unimolecular decomposition rate of CH 3 CHOO are few and span a large range: the values reported from experimental studies are 2.5 s À1 , 57 2.9 s À1 , 58 76 s À1 , 55 and o250 s À1 . 16 A direct comparison of these rates against our results is difficult as most of the experimental data lump syn-and anti-CH 3 CHOO, regardless of their strongly differing chemistry. The results by Fenske et al. 55 of 76 s À1 , the only experimental value unambiguously higher than our rate, results in clear disagreement with our observed time-dependence ( Fig. 5 and 6 ). It is important to note that the reported uncertainty of the latter decomposition rate is a factor of 3 and therefore the upper limit determined in this study lies within the uncertainty range. Our upper limit result is also in agreement with theoretical calculations from Kuwata et al. 59 who estimate a unimolecular decomposition rate for syn-CH 3 CHOO and anti-CH 3 CHOO of 24 s À1 and 64 s À1 , respectively, though with a high degree of uncertainty. The unimolecular decomposition rate is expected to be strongly dependent on temperature. 60 The strong pressure drop while sampling the air into the instrument leads to expansion cooling of the gas. The air quickly returns to ambient temperatures; we have established that at most at 13 cm (B1 millisecond) behind the pinhole the ambient temperature is regained. The expansion cooling therefore affects at most the first two points measured closest to the pinhole. These points have a negligible impact on our analysis of the time profile ( Fig. 5 and 6) , well below the uncertainties induced by other aspects of this work, and thus do not affect the conclusions applicable to 293 K. Determining a lower limit on the unimolecular rate, while maintaining a total loss rate of 30 s À1 , is less straightforward. The model contains a set of bimolecular reactions involving SCIs, where the coreactants are the initial reactants or are formed in the ozonolysis reaction, and thus have concentrations changing in time. Unfortunately there are only few accurate measurements of rate coefficients for different CI isomers. Some experimental data is available for CH 2 OO chemistry, and with the help of theoretical studies it is possible to extrapolate these rate coefficients to several other reactants and SCI although with high uncertainty. In addition, the yields of SCI are uncertain and the relative yields of syn and anti have not yet been measured. We estimate a lower limit for the unimolecular decomposition rate of syn-CH 3 CHOO by maximally decreasing the SCI losses by removing all bimolecular reactions, while increasing the yield to a reasonable maximum, i.e., the SCI is formed as 100% syn-CH 3 CHOO, while the SCI yield is increased to the high end of the IUPAC recommendation uncertainty interval (Table 1) . Using this scenario, it was no longer possible to match the OH time profile with unimolecular decomposition rates below 3 s À1 . This is a very conservative lower limit as many of the bimolecular reaction rates of SCI were measured, and often appear to be faster than theoretical predictions. We therefore performed a sensitivity analysis with the model using more realistic uncertainty intervals on the kinetic parameters, i.e., varying the bimolecular reactions rates by a factor of 3 and the SCI yields and the syn-SCI yield within the total SCI yields in the range listed in Table 1 . We find that the combined uncertainty of the SCI concentration at the sample point under this error model is only a factor 1.5 to 3, depending on the unimolecular decomposition rate adopted.
The best agreement between the absolute OH concentrations measured and model predicted is well within this factor of 3, for unimolecular decomposition rates closer to our upper limit, 30 s À1 . To reproduce the absolute OH concentrations using our lower limit of 3 s À1 , one would need significant downscaling of the bimolecular rate coefficients, with significant deviations from the literature data by up to orders of magnitude. We therefore propose a less stringent lower limit of 10 s À1 for the syn-CH 3 CHOO unimolecular decomposition rate coefficient, which is the lowest value that still allows us to model the absolute OH concentrations with a deviation equal to the more realistic error simulation obtained above. It should be emphasized that this limit is not based on direct experimental observations but rather on achieving reasonable agreement between our experiment and the available literature data.
c. Contributions under atmospheric conditions
The inferred unimolecular decomposition rate coefficient for syn-CH 3 CHOO of 20 AE 10 s À1 together with the most recent rate coefficients for reactions between SCI and atmospheric trace gas species (Table 2 ) allow us to improve our earlier assessment 28, 33 of the relative contribution of many coreactants in the atmosphere to the atmospheric fate of a set of SCI. The major differences are a higher unimolecular decomposition rate for the different SCI and a significantly faster reaction rate with organic acids as recently measured by Welz et al. 22 As no direct measurements are available for the unimolecular rate decomposition of CH 2 OO, anti-CH 3 CHOO and (CH 3 ) 2 COO we used the value of 20 s À1 measured for syn-CH 3 CHOO for CH 2 OO and (CH 3 ) 2 COO. In the case of CH 2 OO this rate is likely an overestimate as most of theoretical calculations 7 predict a higher energy barrier for CH 2 OO decomposition compared to syn-CH 3 CHOO. For (CH 3 ) 2 COO the barrier heights derived theoretically 7 are a bit lower than those for syn-CH 3 CHOO possibly indicating the unimolecular decomposition rate of 20 s À1 might be an underestimation. For anti-CH 3 CHOO the value of 60 s À1 was used as calculated by Kuwata et al.; 59 the value predicted in their study for syn-CH 3 CHOO, 24 s À1 , is in fair agreement with the value measured in this study. Table 4 lists the predicted contributions of the various loss processes in different environments as defined earlier 28, 33, 42, [61] [62] [63] [64] [65] [66] [67] [68] [69] updated by using carboxylic acid concentrations from Limón-Sánchez et al. 70 for urban conditions and Grossmann et al. 71 for the rural Europe environment, respectively. Compared to these earlier estimates, even with a faster unimolecular rate for both CH 2 OO and anti-CH 3 CHOO and a very fast reaction rate with organic acids, these two SCIs are still found to be lost mainly via reaction with water dimers both during day and nighttime. Recent studies 72 show that this reaction is indeed very fast at least for CH 2 OO, with k(SCI + H 2 O) 2 /k(SCI + SO 2 ) = 0.29. Therefore, model studies on the impact of CI on the chemistry of the atmosphere should incorporate water dimer reactions. As the unimolecular decomposition rate and the reaction rate with organic acids are very fast for both syn-CH 3 CHOO and (CH 3 ) 2 COO, these become the main loss path in all environmental conditions analysed contributing for up to 80% of the total loss of the two conformers. Reaction with SO 2 still occurs even though it only represents a very minor SCI loss. During nighttime, as the concentrations of most coreactants are lower than during daytime, the main loss for both syn-CH 3 CHOO and (CH 3 ) 2 COO is represented by unimolecular decomposition via the VHP channel, representing a potentially important source of ambient OH radical.
Conclusions
A LIF-FAGE instrument, normally operated for in situ atmospheric OH measurements, was used to observe directly, for the first time, the OH formation from unimolecular decay of syn-CH 3 CHOO Criegee intermediates generated in the ozonolysis reaction of a set of alkenes. Using scavenging experiments and extensive comparison with the available literature data on CI chemistry we could exclude other reactions and compounds as the potential OH source. In particular, CH 2 OO and anti-CH 3 CHOO are not the source of the OH, in agreement with mechanistic understanding of carbonyl oxide chemistry. A clear time dependence of the OH signal was observed, showing a fast rise to the steady state concentration, followed by a more gradual decay following depletion of the SCI reactants. Based on the shape of this temporal OH profile, we determined the syn-SCI decomposition rate coefficient k (293 K) to be within the range of 3 to 30 s À1 . The lower limit of this interval is increased to 10 s À1 based on the level of agreement between measured and modelled absolute OH concentrations, where the higher values yield the best correspondence with the literature data on SCI formation and bimolecular reactions.
The formation of OH from syn-SCI decomposition within the FAGE instrument corroborates earlier reports on interferences of the OH measurements. 39, 40 It was recently proposed to estimate and correct for this by pulsed scavenging of the OH to distinguish the background, SCI-generated OH from the atmospheric OH. The observed time dependence of the OH signal in the current work also suggests that very short inlets would be less affected by the interference, though the interfering signal is strictly speaking only eliminated at zero length. For all other inlet lengths the amount of SCI-generated OH depends on the concentration of syn-SCI within the reactant mixture and the rate coefficients for decomposition for each of the SCI in the sampled air. As this reaction system is currently insufficiently characterized, it is recommended that FAGE measurements incorporate blank measurements by OH scavenging techniques to improve the reliability of the ambient OH detection. Our current experiments do not fully exclude other interferences in FAGE OH measurements that cannot be eliminated with the proposed technique.
